The authors report femtosecond dynamics of the coherent optical phonon of single crystal diamond. Sub-10 fs, 395 nm laser pulses excite 40 THz coherent phonons with an extremely small damping rate ͑0.15 ps −1 ͒. Linear power dependence of the phonon amplitude under off-resonant excitation condition gives a direct evidence for an eletric-field-driven generation mechanism. The coherent phonon generation is noticeably suppressed by doping with nitrogen impurities, in spite of their absorption in the near ultraviolet. The present study demonstrates that a simple pump-probe technique can be a powerful tool for evaluating the ultrafast coherent electronic and lattice dynamics of diamond materials. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2402231͔
Diamond is the quintessential covalently bonded crystal with the highest hardness and thermal conductivity among the known materials. It has the widest band gap among the group IV elemental crystals, and thus serves as an ideal insulator with excellent optical properties. Doping of diamond by group III or V atoms turns it to p-or n-type semiconductor. Development of the chemical vapor deposition growth technique has enabled the fabrication of a UV-light emitting diamond pn junction: 1 a key technology for the future development of diamond-based UV lasers. Also, recently it has been demonstrated that diamond with high concentration of B doping undergoes a superconducting phase transition above the liquid helium temperature.
2,3 Although the mechanism for the superconductivity in diamond is under discussion, it is highly probable that electron-phonon interaction plays an essential role. Indeed, electron-phonon interaction in diamond obtained from isotope substitution studies is very strong, much stronger than that for Si and Ge. 4 Nitrogenrelated defects in diamond also offer the possibility of roomtemperature spin entanglement.
Since early measurements with inelastic neutron scattering, phonon dynamics in diamond have been studied extensively by both experiment and theory. 6 Many other unique properties of diamond such as hardness, very high Debye temperature, and high thermal conductivity are also determined by or deeply related to its phonon spectrum. The frequency and linewidth of the optical phonon of diamond is a widely used measure for evaluating the crystallinity of diamond-related materials. Time-resolved measurements of the coherent optical phonons give a complementary and more detailed information on the femtosecond dynamics of phonons and their coupling with electrons. 7, 8 Because of the challenging requirement for ultrabroad laser bandwidth, however, the coherent excitation of C-C bond vibrations has only been demonstrated in molecular systems 9 and, very recently, in carbon nanotubes 10 and graphite. 8 In this letter, we demonstrate the application of simple pump-probe transient reflectivity technique without spectral resolution or phase modulation to detect a very weak signal from the coherent optical phonons in diamond. We offer evidence for its excitation via the nonresonant impulsive stimulated Raman scattering process.
The samples used are synthetic types IIa and Ib diamond single crystal plates, from Sumitomo Electric Hardmetal, oriented to expose the ͑100͒ surface. Type IIa is a high purity diamond with nominally no absorption between 225 nm and 2.5 m, while type Ib has an absorption in the visible and near ultraviolet due to isolated N impurities with concentration of Ͻ100 ppm. Pump-probe reflectivity measurements are performed using optical pulses with Ͻ10 fs duration, 395 nm wavelength, and 64 MHz repetition rate. Linearly polarized pump and probe beams are focused to a nominally 10 m spot on the sample with angles of 20°and 5°from the surface normal, respectively. Pump power is varied between 5 and 50 mW ͑pulse energies 0.1 and 1 mJ/ cm 2 ͒, while probe power is kept at 2 mW. The pump and probe beams are polarized 90°and 45°with respect to the optical plane, respectively. Anisotropic reflectivity measurements are carried out in the electro-optic sampling configuraion. 7, 8 The time delay between pump and probe pulses is scanned at a 20 Hz rate to enable accumulation up to 25 000 scans. Microscopic Raman scattering measurements are performed with a 532 nm light excitation. The nominal spectral resolution is 0. of the sample during the Raman measurement. Figure 1 shows the anisotropic reflectivity change ⌬R eo / R of diamond. It consists of an instantaneous electronic response at t = 0 followed by oscillations with a period of 25 fs, when the pump polarization is parallel to the ͓110͔ direction. The frequency of ϳ40 THz, or ϳ1330 cm −1 , agrees well with the Raman active optical phonon of diamond. 12 In the short time window of Fig. 1 , the oscillation is hardly damped. The oscillatory signal essentially vanishes after rotating the sample by 45°within the surface. The sample-orientation dependence is consistent with the offdiagonal Raman tensor of the optical phonons with ⌫ 25 Ј symmetry, 13 which has cos 2 dependence for the angle between the electric field of the pump and the ͓110͔ direction of the crystal. The polarization angle dependence confirms that Raman scattering process is primarily responsible for the coherent phonon generation, as in other group IV crystals, Si ͑Ref. 7͒ and Ge. 11 Figure 2 compares the ⌬R eo / R signal over more than 400 cycles of the coherent oscillation and its Fourier transformed ͑FT͒ spectrum for different pump powers. The oscillation can be fit as a damped harmonic oscillation,
which gives a very large Q factor, ⌫ ϳ 300. Correspondingly, the linewidth of the FT peak in the inset of Fig. 2 is very narrow. The initial amplitude A 0 obtained from the fit of the ⌬R eo / R signal for the IIa and Ib samples is plotted in Fig.  3 for different pump powers.
One immediately notices that A 0 increases with linear proportion to the pump power, while the other parameters such as ⌫ and remain constant ͑not shown͒. Since two or three 3.14 eV photons are required for the indirect ͑5.48 eV͒ or direct ͑7.3 eV͒ band gap excitation, the linear power dependence clearly indicates the off-resonant nature of the coherent phonon generation. The off-resonant nature is also reflected in the pump-power independent frequency and dephasing rates. Also, the initial phase of the coherent oscillation, ␦ = −161°± 39°, is consistent with the impulsive excitation. These results altogether indicate that the coherent optical phonons are not generated by photoexcited carriers but driven by electomaginetic field via stimulated Raman scattering. This is in clear contrast with GaN, where the powerdependent dephasing rate attributed the three-photon absorption across the band gap. 14 We emphasize that the linear power dependence of the phonon amplitude, described above, is observed in type IIa diamond, which has nominally no absorption for 3.14 eV light. An interesting question is whether the doping by impurities can affect the coherent phonon generation by causing, e.g., resonant enhancement of multiphoton interband transition or Fano interference between discrete phonons and doped carrier electron-hole pair continuum? Figure 3 shows a clear-cut answer. The coherent phonon amplitude in type Ib ͑yellow͒ diamond shows a linear power dependence, and is noticeably smaller than that in type IIa ͑colorless͒ sample. This propensity is also observed as the peak height in the Raman spectrum of the optical phonon ͑last column in Table  I͒ , indicating that the apparent suppression of the optical phonon is not transient in nature but is given by the Raman cross section. Unlike B-doped diamond under UV excitation, 15 a Fano-type line shape is not observed for our N-doped sample in the time or frequency domain measurements. Our results suggest virtually no coupling between the optical phonons and the electrons involved in the ionization of the N impurities under present experimental conditions. The yet unexplained role of impurity doping on the suppression of the Raman amplitude will be explored in the future for a wider range of samples.
The dephasing rate ͑or linewidth͒ ⌫ is only slightly but systematically larger in type Ib than type IIa, both in the time-domain and Raman measurements, as summarized in Table I . Our result is consistent with the slight N-concentration dependence of the Raman linewidth, 16 and confirms that the impurities act as scattering centers for the optical phonons. We note that the scattering is not by hot electrons or hot phonons but by static disorder in the lattice periodicity, 17 since ⌫ is independent of pump power in type Ib as well as type IIa. The present time-domain measurement gives the dephasing rate of 0.145± 0.037 ps 
